Under great efforts in fighting against serious haze problem of China since 2013, 32 decreasing of air pollutants especially for fine particles (PM2.5) has been revealed for several 33 key regions. This study tried to answer whether the reduction of PM2.5-bound polycyclic 34 aromatic hydrocarbons (PAHs) was coincident with PM2.5 because of long-term pollution 35 control measures (PCM), and to assess source-oriented health risks associated with inhalation 36 exposure to PAHs. Field measurements were carried out before and after the publishing of 37 local air pollution protection plan for Nanjing, a mega-city in east China. Results indicated 38
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Laboratory PAHs analysis and quality controls 157
Laboratory PAHs analysis was the same as that described in Kong et al. (2015b) . 158
Briefly, filters were extracted ultrasonically with dichloromethane, concentrated using a 159 rotary evaporator, and then transferred to a silica gel for cleanup and purification. The elutes 160
were finally concentrated to ~1 mL under a gentle nitrogen stream and then spiked with carcinogenic PAHs (C-PAHs) including Chr, BaA, BbF, BkF, BaP, InP and DBA (Kong et 175 al., 2015b; Wang et al., 2015) . 176
For quality assurance and quality control, field blank and laboratory blank filters were 177 treated following the same procedure in regular samples. Quantification of PAHs was done 178 by the retention times and peak areas of the calibration standards. Internal standard method7 was used. Reserve liquid (1000 mg/L) including Perylene-d12, Chrysene-d12, Acenaphthene-d12,Naphthalene-d8 and Phenanthrene-d10 was diluted by n-hexane to 20 mg/L and was stored below 181 4°C. The recovery test was performed by spiking known amounts of a mixture of PAHs and then 182 the spiked filter was treated the same way as mentioned above. The recoveries of each PAHs were 183 in 81%-93%, and the relative standard deviation was less than 10%. The Figure S2 ). As expected, the average 235 annual mass concentrations of PM2.5, PM10, SO2, and NO2 in Nanjing were all decreasing 236 reduction rate of PM2.5 for the whole Nanjing was similar with that for the given site and sampling 239 periods of this study. Though the decreasing rate was high to 59% for the PM2.5 in the winter 240 season of the two periods, PM2.5 concentration in winter was still highest as 72.5±37.7 μg m -3 in 241
Period 2. It indicated that the current regulations for winter should be enforced more rigorously, 242 exactly and beneficially. 243
Comparison of ambient PAHs before and after the AR-APPC 244
As shown in Figure. 3 Table S5 . 259
As the most carcinogenic PAHs, the averaged concentrations of BaP decreased by 57% 260 (P<0.001) for Period 2 when compared with that of Period 1 ( Table 3) The change exited in not only total PAHs mass concentration but also the PAHs 291 composition profile. It can be observed that the overall averaged mass percentage of LPAHs 292 (2 and 3 ring PAHs) decreased from 25% to 14% (decreased by 44%, p<0.001), the overall 293 averaged MPAHs (4 ring PAHs) increased from 22% to 32% (increased by 44%, p<0.001) 294 and the HPAHs (5, 6 and 7 ring PAHs) varied a little bit (from 53% to 54%) (Figure 3) . 295
Generally, higher LPAHs concentration was related to non-combusted petroleum emission 296 petroleum emission of PAHs reduced after the AR-APPC. The circulation patterns can influence the air quality through transport pathways and 303 determine local meteorology (Xu et al., 2016a) . The circulation patterns (seasonal mean 304 geopotential height and wind vectors at 10 m above sea level) for four seasons of the two periods 305
were illustrated in Figure S3 . At first glance, the circulation patterns of the two periods were 306 similar for all the four seasons. In autumn and winter, Nanjing was under control of Siberian high 307 pressure and it was stronger for Period 2 than that of Period 1, which was the typical features of 308
East Asian winter (Kim et al., 2016) . The main backward trajectory clusters of the four seasons 309
were also similar for the two periods ( Figure S4) , with north and northwest trajectories dominated 310 in winter and autumn. Thus, the air pollutants at Nanjing were easily affected by the upstream 311 transport at the northwest direction and the impact was more profound in Period 2 at the two 312 seasons. It should be noted that in later autumn and winter period, the North China area exhibits 313 high coal consumptions ( Figure S5 ) and high emission densities of many air pollutants from 314 biomass burning (Zhou et al., 2017) . Meanwhile, weak negative correlations were found between 315
PAHs and temperature and MLH, especially for higher rings PAHs (Table S6, Figure S6 ). As 316 shown in Figure S6 , high rings PAHs also exhibited weak positive correlations (most P values 317 lower than 0.01) with SO2, NO2, OC, and EC, that originated mainly from combustion sources 318 as there were no significant differences in temperature and MLH between the two periods, the role 322 of them in explaining PAHs reduction may be limited. 323
The role of atmospheric chemical degradation and particle coatings 324
During the atmospheric transportation, PAHs compounds are exposed to oxidants, such as O3, 325
OH, NO2 and nitric acid, which degrade PAHs and thereby change the PAHs compositions and 326 rate is depended on the particle compositions and meteorological factors. BaP/BeP ratio is 328 often used as an indicator of the aging process, as BaP degradation is typically faster than 329 PAHs losses and the role of OH and other oxidants (like NO2) in PAHs photolysis can also 356 were 6.16±2.77 and 4.00±1.19 ng μg -1 for Period 1 and Period 2, respectively, indicating the 361 particle phase PAHs were both coated by secondary aerosols for the two periods. 362
Therefore, it is believed that the measured PAHs for both the two periods were aged. 363
However, it is difficult to quantitatively evaluate and compare the degree of photochemical aging 364 in the present study. Considering the comparable O3 and NO2 concentrations and similar 365 meteorological conditions of the two periods, it is believed the photochemical degradation played 366 a limited role in explaining the significant reduction of averaged mass concentrations of PAHs 367 from Period 1 to Period 2 in this study. 368
The role of pollution control measures 369
In China, the PCM is initially to reduce the regular air pollutants of CO, SO2, NOx, PM2.5, 370 PM10, and VOCs. The higher reduction rate of PM2.5 associated PAHs than PM2.5 itself observed 371 in this study indicated that effective controls could have a positive influence on ambient PAHs 372 pollution. According to the report of Nanjing Environmental Protection Bureau, the main sources 373 of PM2.5 in Nanjing were coal combustion (27.4%), industrial production (19.0%), vehicle 374 emission (24.6%), fugitive dust (14.1%) and other sources (14.9%) in 2014 375
(http://jsnews2.jschina.com.cn/system/2015/04/30/024548067.shtml). A series of emission sources 376 have been controlled or improved after 2015 ( Table S7 ). The total coal consumption was 377 controlled to below 30 million tons. The gasoline, gasoline oil and solvent oil consumption 378 amount decreased by 15.6%, 8.6% and 54.1% in 2015 when compared with those in 2013. The use 379 of clean energy like coal gas and natural gas increased by 24.3% and 7.4%, respectively. 380
Meanwhile, many improving measures were adopted for coal and oil burning, industrial processes 381 and domestic activities, etc. These all lead to the reduction of PM2.5 and also associated PAHs. 382
Sources of PM2.5 could be more complex than those of PAHs. The significant weak positive 383 correlations between high ring PAHs (4-7 rings) and SO2, NO2, OC and EC ( Figure S6 ) indicating 384 that there may exist similar sources of PAHs with the precursors and key components of PM2.5. 385
However, their sources were not the same. No significant correlations were found for 2 and 3 ring 386 
Source apportionment using PMF 435
To better explain the variation in PAHs sources of the two periods, the PMF modeling was 436 performed with the source profiles and contributions shown in as coal combustion (CC), PO, wood burning (WB) and vehicle emission (VE), accounting for 445 (Figure 5b) . 448
Overall, the PAHs concentrations contributed from the four types of sources all reduced 449 in Period 2, by 83%, 68%, 51% and 33% for PO, VE, WB, and CC, respectively (Figure 5c) . 450
The decreased absolute contributions of them reflected the PCM was effective in reducing 451
PAHs from the sources. Though great efforts have been done by the local government for 452 controlling coal and wood/biomass burning in Nanjing, the long-range transport of the two 453 types of sources from North China partly offset these efforts. It can explain the fewer 454 reduction rates of WB and CC when compared with those for PO and VE. From Table S8 , it 455
can be found that in the cities of North China, the contributions of CC were always at a high 
Source region analysis 477
As the results of WPSCF in Figure 7 , the source regions with high probabilities of WB were 478 mainly located at the west, northwest and north side of Nanjing and the regions extending to a 479 larger area at Period 2. For CC, the source regions at Period 1 located mainly at the 480 southwest-northeast directions, while they changed to the north and northwest directions at Period 481 2. The variation in source regions for WB and CC highlighted the importance of the domestic coal 482 and wood burning for heating. For VE, the main source regions were on the southeast side, 483
surrounding Nanjing at Period 1 and then changed to the northwest, north and northeastern of 484
China in Period 2. For PO, the source regions at Period 1 were mainly concentrated in the lower 485 reaches of the Yangtze River and the offshore sea area; while in Period 2, the main source regions 486 moved to the middle reaches of the Yangtze River, the coastal area of PRD and near offshore 487
areas. These regions all hold intensive emissions from both ocean (Fan et al., 2016) and inland 488 vessels/ships (Song, 2015) . The geographic origins of the four sources were consistent for 489 
Reduced health risks of PAHs and source allocation 500
Through the effective source control, the PAHs obviously reduced from Period 1 to Period 2 501 in Nanjing. It suggested that the human health risks also decreased. By adopting the simple 502 point-estimate approach (Wang et al., 2011) , the estimated ILCR for Period 1 and Period 2 were 503 4.13 10 -4 and 1.07 10 -5 , respectively (Figure 9) . Thus, the overall cancer risks due to inhalation 504 exceeded the acceptance limit of cancer risk (10 -6 ) (Chen et al., 2016a; Lv et al., 2016) . 506
Reduced cancer risks were also found for the periods with mega-events, such as the APEC 507 meeting (Xie et al., 2017) . It should be noted that uncertainties are inherent in cancer risk 508 assessment, as a lack of knowledge about the factors affecting exposure or toxicity 509 assessment (Hong et al., 2016) . 510
To interpret the risk reduction, contributions of the four types of sources were calculated 511
by PMF model as listed in Figure 10 . CC dominated the contributions to ILCR, similar for 512 the two periods, as about 52%. The contributions to ILCR of PO obviously reduced from 513 23.5% to 4.5% from Period 1 to Period 2; while the contributions of WB and VE increased 514 from 1.75% to 13.7% and from 22.3% to 29.9%. Though still, the dominant sources were 515 coal combustion and vehicle emission, their relative contribution varied in mass 516 concentration and incremental cancer risks. Source pollution controls should not only focus 517 on mass pollution level, but also those having larger toxic and contributing significantly to 518 the health impacts. 519
Health risks associated with exposure to other pollutants like CO, SO2, NOx, O3, PM2.5 520 and associated toxic components (heavy metals, BC, etc.) are interesting and hot topics. The 521 present study only evaluated risks associated with PM2.5-bound PAHs exposure. When taking 522 other pollutants into account, health benefits received from the effective PCMs could be more 523 significant. This is worthy to be investigated in the future, with big datasets (including air 524 pollutants, personal exposure monitoring data, human disease and meteorological parameters) 525 collected and dose-equivalence relationships for different chemicals with health effects 526 clarified. 527
Conclusion 528
As a non-routine monitored pollutants, PAHs were focused in a four-year study in 529 Diagnostic ratios and PMF modeling identified four sources, as coal combustion (CC), 543 petroleum and oil burning (PO), wood burning (WB) and vehicle emission (VE). Contributions 544 from all these four source types to ambient PAHs had substantially decreased, from 33% to 83%. 545
The reduction percentages were more notable for VE and PO, compared to the reduction 546 percentages in CC and WB. A co-benefit of cancer risk reduction by 61% was obtained. The 547 cancer risk was still higher than 10 -6 , with CC dominated the contributions as about 52%. In 548 Nanjing, as the dominated contributions of coal burning and vehicle emission to atmospheric 549
PAHs, effective emission mitigation strategies of PAHs should be developed from both local and 550 regional views. Meanwhile, the obvious seasonal variation in PAHs concentrations and source 551 contributions and potential source regions highlighted the importance of further efforts on the 552 reduction of coal and wood burning in North China at a heating period. 553
This study provides useful data and new insights for assessing the effects of air pollution 554 control measures, from the view of human health, not only just from the reductions of routine air 555 pollutants. The outcomes could be important to regional air quality management and decision 556 
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